ABSTRACT Feeding behavior of the nymphs of Leptocorisa chinensis Dallas (Hemiptera: Alydidae) on various poaceous (grass) species was investigated. The sequence of behavioral phases of the nymph on the food plant was as follows: antennation, rostrum extension, dabbing with the labium, rostrum placement on the plant surface, stylet penetration, and sustained ingestion. Observed behavioral phases of nymphs released on seed heads differed among three categories of plants: food grasses (including rice), nonfood grasses, and nongrasses (nonfood). The nymphs were able to discriminate food grasses from nonfood grasses before they penetrated with their stylets. On nongrasses, nymphs did not exhibit the feeding behavioral phases except for antennation. Nymphs also exhibited behavioral phases such as antennation, rostrum extension, and dabbing with the labium, on paper strips treated with methanol extract of food grasses, but not with extract of nonfood grasses and nongrasses. These results suggest that chemical cues exist in food grass species.
Phytophagous insects must select and accept suitable food plants from among the numerous plant species growing in their habitat. Many herbivorous species are specialists that feed on plant species belonging to the same plant family (Schoonhoven et al. 2005) . Many phytophagous heteropteran species are known to feed only on restricted plant species belonging to one or a few families Mitchell 1983, Schaefer and . Because many different plant species coexist in the Þeld, phytophagous heteropterans must discriminate suitable plants from among potential food plants and then decide whether to accept the plant. Therefore, we considered that phytophagous heteropterans must possess some means to recognize food plant species before acceptance of the plants.
Leptocorisa chinensis Dallas (Hemiptera: Alydidae) is an important agricultural pest in Japan. It attacks panicles of rice, Oryza sativa L., and causes abortive grains or stained grains (Dale 1994) . It feeds only on the Poaceae (grass) family, and its host range is restricted to only a few species in terms of nymphal survivorship (Nagai and Nonaka 1976, Ishizaki et al. 2008) . Many various wild grasses exist on the margins of paddy Þelds and weed Þelds. On such grasses, L. chinensis increase their numbers in early summer after diapause termination; then they disperse to ripening paddy Þelds in midsummer and infest rice plants (Takeuchi et al. 2005 , Watanabe et al. 2009 ). Numerous nongrass species also exist in the habitat of L. chinensis. Furthermore, some plant species are adult food plants but are less appropriate as nymphal food (Ishizaki et al. 2008) . Moreover, seeds of wild plants are a temporary restricted food source for herbivores because the quality and quantity of foods such as seeds will change extensively over time (Bernays and Chapman 1994, Schoonhoven et al. 2005) . Under these circumstances, nymphs must disperse among available plants in search of more suitable food, even if L. chinensis females might have oviposited on a suitable host plant for the newly hatched nymphs. Because of low dispersal ability of nymphs, once they reach a potential food plant, it is important to evaluate and colonize the plant immediately. However, the mechanism by which L. chinensis nymphs discriminate unsuitable plants from suitable food plants remains unknown.
The sequence of feeding behavior in which phytophagous hemipterans accept the host plant has been investigated (Backus 1988 , Powell et al. 2006 . As the Þrst step after the insect contacts the plant, plant surface exploration is observed. In this step, the insect receives physical and chemical cues from the plant surface with receptors on the antennae and labial tip. In the next step, probing behavior, the insect penetrates with the stylets into the plant and recognizes internal cues that are present in the plant. In a previous study, we observed feeding behavior of L. chinensis nymphs on seed heads of O. sativa and found that an extract of the seed heads elicited surface exploration behavior in nymphs, and reported the existence of chemical factors which stimulate feeding behavior of this insect (Ishizaki et al. 2007 ). It remains unknown whether this stimulatory chemical factor exists universally in plants and functions only to promote the behavior, or whether it is a signiÞcant cue for discrimination of food plants. In this study, we investigated the feeding behavior of L. chinensis on various food and nonfood plant species in the laboratory. Furthermore, some plant species on which the insects exhibited different behavioral patterns were extracted with methanol. Feeding behavior was then observed in response to each plant extract to investigate whether a chemical factor is involved in the discrimination of L. chinensis food plants.
Materials and Methods
Insects. The L. chinensis used in these experiments were from a colony originally established from grasses [mainly Setaria viridis (L.) P. Beauv., Digitaria ciliaris (Retz.) Koeler, and Echinochloa crus-galli (L.) P.
Beauv.] at the National Agricultural Research Center, Tsukuba, Japan (36Њ 01Ј N, 140Њ 06Ј E). Insects were provided with sufÞcient water and rice seed heads that were cropped at the milk and dough ripening stage. The rice seed heads used for rearing were replaced every wk. The photoperiod and temperature were 16:8 (L:D) h and 25ЊC, respectively.
Plants. Food and nonfood plants of L. chinensis were collected from a grass Þeld at the National Agricultural Research Center. Seed heads of O. sativa were collected from potted rice plants cultivated at the research center. Experiments using plants were conducted during seed bearing periods of respective plant species.
Plant species were categorized into three groups for rearing experiments with L. chinensis nymphs (Ishizaki et al. 2008 Feeding Behavior of Nymphs on Seed Heads of Plants. Behavioral tests followed the methods presented in Fig. 1 of Ishizaki et al. (2007) . In brief, a stem with a seed head was cut into a 10-cm length immediately before experiments and set vertically on an arena made of a plastic dish (3.5 cm in diameter by 1 cm in height) Þlled with quartz sand (Wako Pure Chemicals, Osaka, Japan). Third-instar nymphs were starved for 24 h with water before the experiments. An individual insect was released in the arena. The released insect started the following sequence of behavioral phases after touching the seed head (Ishizaki et al. 2007 ): A) Antennation: The insect bends its antennae to touch the plant surface with the antennal tips. B) Extension of rostrum: The insect lightly touches the plant surface with the labial tip. C) Dabbing: The insect repeatedly dabbed the plant surface with the labial tip. As the insect walked slowly forward, it changed the site at which it dabbed the plant surface with the labial tip. D) Rostrum placing: The insect stopped dabbing and became motionless. The labial tip was pressed to the plant surface; presumably for stylet sheath formation as a prelude to stylet probing. E) Stylet penetration: The insect inserted the stylets into the plant with its labium folding. F) Ingestion: The stylets were fully inserted into the plant. The insect continued ingestion, sometimes with partial withdrawal and reinsertion of the stylets.
Behavioral phases AÐC are plant-surface exploration behaviors; behavioral phases D and E are regarded as probing behaviors. Behavioral phase F is sustained ingestion of food, sometimes lasting more than an hour (Ishizaki et al. 2007) .
Observations were continued for 5 min after the individual Þrst touched the plant seed head. The behavioral sequences starting within this 5-min period were recorded until the insect ceased the behavioral sequence. In all, 15 replications were done for each plant species. Insects and plants were changed for each test.
Observation of Feeding Behavior on Paper Strips With Plant Extract. In accordance with the results of behavioral patterns of nymphs on seed heads of various plant species, some typical plant species were chosen for methanol extraction. Plant species extracted were: O. sativa, S. viridis, and P. annua as food grasses; B. catharticus, E. indica, and E. racemifer as nonfood grasses; and P. maculosa as a nonfood, nongrass plant species. Whole seed heads were soaked in 200 ml of methanol (99.8%; Wako Pure Chemicals) at room temperature for 6 h; the extract was kept in a Ϫ30ЊC freezer until use. Twenty grams of seed heads was extracted for O. sativa and B. catharticus; 10 g for P. annua, E. indica, E. racemifer, and P. maculosa; and 5 g for S. viridis. Paper strips cut into 3 mm by 10 cm (Þlter paper for chromatography, Toyo Roshi Kaisha Ltd., Tokyo, Japan) were rinsed with methanol before the treatment with plant extract. Each paper strip was treated with either plant extract equivalent amount to 40 mg of seed heads, or an equal amount of methanol as a control for each plant species. The treated paper strips were air dried for 30 min before the test to evaporate the solvent. The paper strip was set on the arena and behavioral phases shown by insects were recorded using the same procedure as that used for the plant seed heads: a third-instar nymph starved for 24 h with only water was released into the arena and the behavior of the insect on the paper strip was observed. In all, 24 Ð30 replications were conducted for each plant species and controls. Each test was conducted at 25ЊC and 50 Ð 60% RH during 1500 Ð1800 hours. Although the results of behavioral response to rice seed heads and rice extract have been reported in our previous article (Ishizaki et al. 2007 ), we describe the results of rice combined with results of other food and nonfood plant species examined here (Figs. 1a and 2a) .
Statistics. For comparison of the frequencies of feeding behavior between those on plant extracts and controls, each behavioral phase was numbered for descriptive purposes: behavioral phase 0 signiÞes that the insect touched the Þlter paper, whereas behavioral phases 1Ð 6 correspond to behaviors AÐF described above. For each treatment (plant extract or methanol), the number of individuals N(i) exhibiting behavioral phase i were counted. 
Results

Behavioral Phases of Nymphs on Seed Heads of Plants.
On food grasses, all tested nymphs exhibited antennation (phase A). More than 80% of nymphs exhibited rostrum placing (phase D), and Ͼ70% exhibited the stylet penetration (phase E). Finally, Ͼ50% of individuals showed ingestion (phase F) on all the food grass species tested. Among those, on O. sativa and P. annua, over 80% of individuals exhibited phase F (Fig. 1a) .
In nonfood grasses such as E. indica, B. catharticus, E. racemifer, and P. dilatatum, Ͼ80% of individuals exhibited antennation (phase A) and extension of rostrum (phase B), but after phase B the response of nymphs differed among plant species. A large decrease in the number of nymphs exhibiting behavior after dabbing (phase C) was found on E. indica, B. catharticus, and E. racemifer. In these nonfood grasses, individuals reaching phase F were fewer than 40% (Fig. 1b) .
No individual exhibited behavioral phases E and F on all three non-Poaceae species that were tested. For E. alba and P. maculosa, Ͼ70% of nymphs exhibited phase A, but the respondent nymphs showed a sharp numerical decrease after phase A.
Behavioral Phases Exhibited by Nymphs in Response to Extracts of Various Plant Species. Figure 2 portrays responses of nymphs to paper strips treated with extract of food grass species, including O. sativa, S. viridis, and P. annua. In O. sativa (Fig. 2a) and S. viridis (Fig. 2b) , Ͼ70% of the individuals exhibited phase C, but many ceased the behavioral sequence at phase C. Fewer than 20% of nymphs exhibited phases D and E, and no nymphs reached phase F. In response to the control, Ͻ20% of nymphs exhibited phase C. None reached phases DÐF.
The respective frequencies for behavioral phases exhibited by the nymphs on plant extract were signiÞcantly different from controls in O. sativa and S. viridis (G-test, P Ͻ 0.01). Post hoc tests showed that the percentages of nymphs exhibiting phases A and C on O. sativa extract were signiÞcantly higher than that on the control ( Fig. 2a ; Fisher exact test with Bonferroni correction, P Ͻ 0.01). In S. viridis, the percentage of phase A was signiÞcantly higher than in the control ( Fig. 2b ; Fisher exact test with Bonferroni correction, P Ͻ 0.05).
The percentages of nymphs exhibiting behavior on P. annua were lower than those on rice and S. viridis for all behavioral phases (Fig. 2c) , but the transition pattern of behavioral phases was similar: the frequencies of phases AÐC were high and those of DÐF were low. Although the frequency of overall phases on P. annua extract was signiÞcantly different from the control (G-test, P Ͻ 0.01), no signiÞcant difference was found in post hoc tests between each behavioral phase in P. annua and the control (Fisher exact test with Bonferroni correction, P Ͼ 0.05).
Behavioral responses of nymphs on extracts of nonfood plant species such as B. catharticus, E. racemifer, and E. indica (which are grass family, Poaceae), and Fig. 2) : almost 50% or more nymphs exhibited phases AÐC and a few percent of nymphs exhibited D and E; none showed F (Fig. 3a) . Post hoc tests showed that the percentage showing phase C was signiÞcantly higher with B. catharticus extract than with the control (Fisher exact test with Bonferroni correction, P Ͻ 0.05). In contrast, the percentage of nymphs exhibiting behavioral phases on plant extract was not signiÞcantly different from the control with E. racemifer, E. indica, or P. maculosa (Fig. 3bÐ d ; G-test, P Ͼ 0.05).
Discussion
Nymphs on plant seed heads that exhibited behavioral phase F, sustained ingestion, were Ͼ50% in all food plant species tested, although they were Ͻ40% in nonfood plant species (Fig. 1) , which demonstrates that L. chinensis nymphs can somehow discriminate between food and nonfood plant species before attempting ingestion (phase F).
The percentage of phases AÐC of nymphs on seed heads of nonfood grasses was high but it decreased to Ϸ50% or lower at phase D, except for P. dilatatum (Fig.  1b) . Furthermore, the percentage of nymphs antennating (phase A) on seed heads of nongrasses such as E. alba and P. maculosa was high, but it considerably decreased at B and subsequent phases (Fig. 1c) . The response to C. amuricus was exceptional and its pattern was like that of nonfood grasses although the overall percentage of behavioral response was low compared with that on grass species. A possible reason is that the family Cyperaceae, which includes C. amuricus, belongs to the same order Poales as the grass family Poaceae. Results suggest that L. chinensis nymphs discriminate between grasses and nongrasses mainly through phase A, antennation, and between food grasses and nonfood grasses mainly through phase C, dabbing by the labial tip. Possible explanations for decreased percentages of phase D and following behaviors in nonfood grasses are a lack of feeding stimulatory factor or an existence of a deterrent factor at phase D or at the following behaviors. Similarly for nongrass species, a lack of stimulatory factor or existence of a deterrent factor at phase B is possible.
Results showed that for extracts of various plant species, nymphs on extracts of food plants exhibited phases AÐC in high percentages (Fig. 2) . In contrast, on the extracts of nonfood plants, their behavior did not differ from that of the controls (Fig. 3) , which indicates that some chemical factor in the food plants stimulates the feeding phases AÐC of L. chinensis nymphs. B. catharticus was an exception. The percentage of behavioral response by nymphs on extract of B. catharticus was signiÞcantly different from the control, although B. catharticus is not a food plant of L. chinensis. The transition pattern of behavioral phases of nymphs on B. catharticus was similar to that of the food plants (Fig. 3a) ; this suggests that although B. catharticus plants contain some sort of chemical factor that stimulates the feeding behavior of L. chinensis nymphs, they are not available for L. chinensis nymphs as food. One possible explanation is that defenses related to plant surface features or hardness of the lemma and palea might mechanically prevent nymphs Ishizaki et al. 2007 ) (a), S. viridis (n ϭ 24) (b), and P. annua (n ϭ 26) (c) are shown. White triangles and black squares respectively represent plant extract and solvent as control. In all three plant species (aÐc), frequencies of overall phases were signiÞcantly different between plant extract and control (G-test; P Ͻ 0.01). Asterisks denote signiÞcant differences between plant extract and control for each behavioral phase as shown by post hoc tests (Fisher exact test with Bonferroni correction: *, P Ͻ 0.05; **, P Ͻ 0.01).
from feeding. Other possibilities are that nymphs cannot recognize the plant as food because of a lack of stimulatory factor at phase D or the following phases or that some deterrent factor was not extracted with methanol.
In the extract of the nongrass species tested, P. maculosa, the percentage of nymphs that exhibited behavioral phases was below that of the control (Fig.  3d) . P. maculosa seed head extract might contain deterrent chemical factors that affect the feeding response of L. chinensis nymphs.
The feeding behavioral phases exhibited by nymphs differed between those on intact plants and those on plant extract. For food plant species, behavioral phase F was exhibited by nymphs on intact seed heads, whereas nymphs on plant extract exhibited phases only up to C in high percentages (Figs. 1a and 2 ). For nonfood grasses, nymphs on intact plants exhibited phases AÐC, although nymphs on extracts of nonfood grasses were not stimulated even at phase A (Figs. 1b  and 3aÐ3c ). For nongrasses, intact plants stimulated phase A, but plant extracts did not (Figs. 1c and 3d) . Therefore, some sort of feeding stimulatory factor did not remain on the paper strip in the present experiment. Such stimulatory factors in the intact plants did not remain on the paper strips for one or both of the following reasons: some factors in intact plants were not extracted by the methods and conditions used in this experiment; some are highly volatile, and might have evaporated during pretest drying. Structural dif- Fig. 3 . Behavioral phases exhibited by nymphs in response to extract of nonfood grasses and nongrasses. Percentages of individuals exhibiting respective behavioral phases on paper strip treated with methanol extracts are shown: B. catharticus (n ϭ 24) (a), E. racemifer (n ϭ 26) (b), E. indica (n ϭ 26) (c), and P. maculosa (Polygonaceae; n ϭ 24) (d). Behavioral phases AÐF are the same as those presented in Fig. 2a . White triangles and black squares, respectively, represent plant extract and control. In B. catharticus, a signiÞcant difference between plant extract and control was found (G test; P Ͻ 0.05) (a), whereas no signiÞcant difference was found in bÐd (G-test; P Ͼ 0.05). Asterisk signify signiÞcant differences between plant extracts and controls for respective behavioral phases as shown by post hoc tests (Fisher exact test with Bonferroni correction: *, P Ͻ 0.05).
ferences between the paper and an intact plant surface might affect behavior D and subsequent behaviors because these behaviors include the process of stylet penetration into the substrate.
It is therefore concluded that the nymphs can discriminate food from nonfood plant extracts without touching the substrate with their antennal tips; as the percentage of nymphs antennating on plant extracts from food plants (except for P. annua), was signiÞ-cantly higher than that of the controls; but not on the nonfood plants (Figs. 2 and 3) . This implies that a stimulatory factor stimulating antennation exists in the extract of food plants but not in the extracts of nonfood plants. For example, it is possible that volatiles from food plants would stimulate the antenna and engender the start of antennation of the substrate. Many examples are known of tarsal chemoreceptors in many insects in other orders (Chapman 1982 (Chapman , 1995 Schoonhoven et al. 2005) . Thus, L. chinensis nymphs might also recognize chemical factors on food plant surfaces by tarsal contact before antennation.
In the current study, L. chinensis distinguished host from nonhost plants by detecting chemical cues with plant surface exploration behavior before they initiated probing. Reportedly, some hemipterans such as planthoppers, leafhoppers, mealybugs, and broadheaded bugs can distinguish suitable and unsuitable plants by using plant surface exploration behavior (Backus 1985 , Cook et al. 1987 , Walker 1988 , Ventura et al. 2000 . The present results related to L. chinensis seem to accord with those on other insect species.
Our previous study showed that seed heads of rice plants contain chemical factors that stimulate the feeding behavior of L. chinensis nymphs (Ishizaki et al. 2007 ). The current study revealed that the chemical factor exists not only in rice plants but also widely in other food grasses, but it does not exist in nonfood plants. The chemical factor is extractable in methanol and low volatile materials, as evidenced by its persistence on the paper strips after air drying.
Plant surfaces are covered with wax and secondary metabolites of various components. Those nonvolatile compounds can be cues that affect phytophagous insect behavior, encouraging acceptance or rejection of the plant for purposes of feeding and oviposition (Bernays and Chapman 1994 , Eigenbrode and Espelie 1995 , Chapman 2003 , Mü ller and Riederer 2005 , Schoonhoven et al. 2005 . Interactions between insect herbivores and plant surface chemicals have been studied extensively in aphids among hemipteran insects (Montllor 1991 , Pickett et al. 1992 . For example, the initiation of probing behavior was delayed by the existence of wax or metabolite compounds on plant surfaces of nonhosts (Neal et al. 1990 , Rodriguez et al. 1993 , Powell et al. 1999 . As a stimulatory effect, plant surface glucosinolates are known to stimulate aphidsÕ probing behavior (Wensler 1962, Nault and Styer 1972) . The feeding stimulant of L. chinensis in this study remains unidentiÞed. Moreover, it remains unknown whether it is a single component or not. But even so, this feeding stimulant could be a component of wax or secondary metabolites on the plant surface because it is considered a nonvolatile substance.
The feeding stimulatory factors inßuencing L. chinensis nymphs will be signiÞcant key factors in determination of the host range of this insect. For that reason, additional behavioral and chemical analyses are expected in future studies.
